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I. INTRODUCTION

A. Composite materials are being established as a new and exciting engi-
neering material and are now being widely used in various applications. Their
success 1s due to such physical properties as high specific strength and
stiffness. Unfortunately, difficulties arise in the detection of damage in
the materials that occurs either during the manufacturing process or while in
service. Extensive papers have been published in the field of composite dam-
age analysis. A wide range of topics has been examined in the microscopic and
macroscopic levels(references (a) through (e)). The need for a fast and effi-
cient nondestructive testing technique to insure the quality of a composite is
increasingly rising. The main objective of Nondestructive Test (NDT) is to
locate the defect's size, shape, and criticality. Various disciplines of NDT
are presently being researched, and several studies have discussed and com-
pared these techniques specifically for composite materials (references (f)
through (h)).

B. Ultrasonics is one of the most commonly used techniques of detecting de-
fects in composities. For many years, the popular method based on attenuation
of high-frequency ultrasonic waves through the sample, has been the subject of
many publications (references (1) through (1)). Most recently, Daniel and
Libert (reference (1)) did a study on flaw growth in composite materials by
using ultrasonic monitoring techniques of C-scanning and A-scanning. They
concluded that better techniques have to be developed for detecting flaws such
as porosity, fiber breaks, and matrix crazing. However, in the past decade,
several alternatives have been introduced. Such concepts as frequency shift
analysis and adaptive learning techniques are evolving as the new tools of
Nondestructive Evaluation (NDE) of composite materials (references (m) through
(q9)). The goal of this project is to develop an ultrasonic scanning technique
that can be used to more reliably detect defects in composites. This tech-~
nique is called "F-scan”, which stands for feature scanning. The F-scan pro-
cess utilizes a computer to extract and store many features, that is charac-
teristics of the ultrasonic signals, and then to use the features to locate
defects (reference (r)).

C. The newly developed tool would be used to detect defects in a composite
patch used to repair the composite skins of aircraft wings. This report ex-
plains the development of the tool and results of a sample problem.

NOTE: References appear on pages 17 and 18.
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II. BACKGROUND

A. Many types of defects can be observed in fibrous composite structures.
These are induced either during the fabrication processes or as a result of
actual in-service conditions, envirommental conditions, and aging. The most
frequently occurring flaws according to reference (s) are:

l. Porosity or void content - They come about by less than 100% dense
material resulting from incomplete flow of the matrix in the bonding process.
The void content will significantly affect the composite's properties. Higher
void content indicates lower fatigue resistance and less resistance to such
environmental conditions as water penetration and weathering.

2. Debonding - The separation of fibers from a matrix in the fiber-rich
region of the plies is called debonding.

3. Delaminations - The separation of laminates from each other in a lam-
inated composite.

B. A material may fail when subjected to cycle loading even if the load is
less than the ultimate strength of that material (fatigue).

_ l. Unidirectional fibrous composites have excellent fatigue resistance

] when loaded in the fiber direction. However, the fibrous composites are gen-
4 erally used in the form of laminates. A laminate consists of several plies
which are stacked together, each ply having a different angle orientation.
Therefore, the angle between load direction and fiber direction varies from
ply to ply. Weaker plies fail at an earlier stage under loading. The initfal
damage may appear at the early stage of fatigue life, but the propagation rate
is much slower in composites than all of the isotropic metals.

2. There are several types of damage that can happen during the fatigue
of composites, starting with debonding in which the fibers are perpendicular
or at a large angle to the loading direction. The crack is generally perpen-
dicular to the load direction and propagates across the width of the fiber and
the ply. The tip of this cross-ply crack produces a stress concentration
which in turn causes delamination between the plies. As the number of cycles
increases the damage becomes more extensive. At this stage, longitudinal-ply
cracks can appear, which do not follow any pattern as in the case of cross=-ply
cracks.

C. ULTRASONICS

1. Ultrasonics is an NDT technique that uses high-frequency (1-20 MHz)
sound waves to locate defects (references (q) and (t)). This energy is sent to
the test specimen by a piezoelectric transducer, is reflected by an interface
between two materials, and then returns to the transducer. By measuring the
arrival time of the echo and the wave speed of the material, the depth of a
reflector can be calculated. If the design of the specimen dictates that the
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material should be continous at that depth, then the reflection is returning
from the discontinuity which must therefore be a defect.

2. This technique works when scanning specimens made from homogeneous
materials such as aluminum, steel, plastics, etc.; difficulty arises when
examining nonhomogeneous materials such as composites. The fiber and laminar
construction of composites give many interfaces from which the ultrasonic
energy can reflect. This causes many echoes to occur throughout the specimen
which makes it difficult to distinguish the defects from the noise (multiple
non-defect echoes). Also the multiple interfaces attenuate most of the sound
energy before it penetrates the entire composite which makes it impossible to
locate defects in that part of the specimen. Also, the attenuation is more
severe with higher frequencies. However, when the size of defects is small,
such as 1n composites, higher resolution is needed to detect these defects,
but high resolution is associated with higher frequencies which are attenuated
by the composite. This is a difficult problem to overcome and the solution
usually calls for a compromise in resolution.

D. C-SCAN AND F-SCAN

l. Composite specimens are usually inspected with an automated system
called a C~scan. In the C=scan process, the ultrasonic transducer and the
specimen are placed in a water bath that acts as a couplant medium for the
ultrasonic wave to travel through. The return echoes are gated to include
only echoes from the composite. An amplitude threshold is selected so that if
the echo amplitude {s above the threshold, it 1s considered a bad area and be-
low this threshold is considered a good area. The transducer is connected to
a mechanical device that moves the transducer over the entire specimen. This
device also has a plotting system which marks where the threshold was broken.

2. Difficulties arise in the C-scan process because of the physical con~
straints imposed by composites that were discussed before. The multiple
echoes from the laminates and fibers and the attenuation of signal make it
difficult to set a threshold. Because of these difficulties, an enhancement
was developed called F-scan (Feature scanning). A feature is characteristic
of the ultrasonic waveforms. Examples are: rise time, fall time, and pulse
duration of the ultrasonic waveform, as well as characteristics of the fre-
quency spectrum. Thresholds can be set on these features similarly to those
set in the C-scan process. C-scan is a subset of F-scan, the C-scan looking
only at one principal feature, amplitude. Further information about ultra-
sonic testing can be found in references (q) and (t).
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III. EQUIPMENT

A. The F-scan system utilizes a computer-based system with a graphics ter-
minal, analog-to-digital (A/D) converter, ultrasonic pulser/receiver, a
computer-controllable x-y scanner, an oscilloscope, and ultrasonic trans-
ducers. A block diagram of the system is shown in Figure 1, with a descrip-

tion of each piece below.

l. PDP-11/05 MINICOMPUTER. This is a 16-bit computer with 64 k bytes
of memory, RKOS5 hard disk, and dual floppy disks. This is equipped with in-
terface cards to coantrol the A/D converter, x-y scanner, graphics terminal,
and pulser/receiver unit. The programs that collect and store the data are
written in FORTRAN and the control programs are written in MACRO assembly

language.

2. GRAPHICS TERMINAL. A Tektronix 4014 graphics terminal is used to dis-

play the F-scans and ultrasonic waveforms. The terminal has 1024 by 780 dot matrix

with vector capability. A Tektronix 4631 hard copy unit is connected for per-
manent recording.

3. ANALOG-TO-DIGITAL CONVERTER. A Biomation 8100 transient recorder is
uged to capture the ultrasonic waveform. It can store up to 2048 samples at
100 MHz (every .0l psec) with 8-bit resolution (256 quantum levels).

4. ULTRASONIC PULSER/RECEIVER. A KB600O computer-controllable flaw de-~
tector is used to pulse the transducer and receive and amplify the ultrasonic
signal. This unit has programmable functions such as gain and gate settings

which are useful in data acquisition.

5. X-Y SCANNER. This unit positions the transducer over the specimen.
The computer sends the desired position to the x-y scanner controller which
tells the stepped motor to move the transducer into place. The minimum scan-

ning increment is .0l inch.

6. ULTRANSONIC TRANSDUCER. Various transducers are available for inspec~
tion. Nominal frequencies used are 2.25, 5.0,and 10.0 MHz while diameters and

focal distances are varied.

B. The scanning procedure is discrete; that is, data is taken for individual
points. The spacing between points depends on the size of the defects, the
size of the specimen, and ultrasonic beam width. Obviously a small scanning
increment distance is desired; however, since each point takes a fixed time,
the fewer points taken hastens the process. After the area to be scanned and
the scanning increment have been determined, the data collection starts.
First the gain is adjusted so the maximum number of quantum levels in the A/D
are utilized. The signal {s gated and 5 usec (500 points) of the signal is
transferred to the computer. The signal is averaged four times to eliminate
noise and i3 then stored on a disk. The transducer is then moved to the next

position and the process begins again.
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IV. TEST PROCEDURE

A. After developing the F-scan system further, the technique was applied to a
sample repair patch of composite (0/90/:95) which was obtained from the Naval
Air Development Center (NAVAIRDEVCEN). A ll-inch~diameter circular patch with
a variable thickness (0.125 to 0.024 inch) was scanned. As expected, pene-
tration of an ultrasonic wave through the defected patch was difficult. Areas
of high attenuation of the signal were noticed upon preliminary testing. Dif-
ferent kinds of defects were suspected to exist in the patch--defects such as
debondings, delamination, and porosity and void content. However, the primary
goal of this study was to develop an algorithm that could predict the gross
defects within the patch that were critical to the structural performance, re-
gardless of the defect type, so that guidelines for composite patch repair
could be formulated.

B. An immersion ultrasonic pulse echo method was used for this study. 1In
this technique, the sample was scanned in a tank of water utilizing one trans-
ducer both as sender and receiver. An ultrasonic wave passed through a water
path before impinging on the composite patch surface. Since the patch itself
was thin, it wags difficult to distinguish between the first defect echo and
front wall echo; therefore, the entire signal was gated, digitized, and stored
in the computer,

C. The second method was the use of a reflector plate where the sound beam
passed through the water patch to the sample, then to the reflector plate and
back to the search unit. In the case of lower attenuative materials it was
advantageous to use this technique, because it resulted in greater signal
changes for gating and recording the ultrasonic signals. We also studied
reflector-plate analysis to see how it performed with F-scan analysis on the
composite. The patch was scanned several times with different frequency
transducers ranging from 2.25 MHz to 10 MHz which are commercially available
from KB-Aerotech. The low signal-to-noise ratio and high gain capabilities
were considered as the main criteria in selecting these transducers. Low-
frequency transducers have a better penetration ability than high-frequency
transducers. However, the resolution capability reduces as the frequency val-
ues decrease.

D. Taking all of these into consideration, the patch was scanned with 2.25,
5, and 10 MHz transducers. The scanning increment distance was 0.05 inches in
the X-Y direction. The scanning was done along the lines parallel to the X
axis and 1-3/4 and 2-1/2 inches away from the center of the patch.

E. The wave speed in the material was calculated to be 0.060 inch/psec. The
thickest part of the specimen was 3/16 inch. Therefore,the time it took for
the sound to pass through the specimen was 3.1 usec. The Biomation 8100 tran-
sient recorder's minimum sample rate (.0l psec) was used since it gives the
best frequency resolution. Therefore at least 310 data points must be taken
to record the entire echo returning from the specimen. To include the back-
wall echo, at least 400 data points (&.O'psec) must be taken. A Fast Fourier

7
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Transform algorithm has 20 points where n is an integer. The value of n used
is 9 (512 points) which is 5.12 usec of data.

F. When attempting to find features that would be useful in detecting de-
fects, destructive analysis of the specimens must be done. The damage content
was therefore determined by meking photomicrographs of the specimens.

Extreme care had to be taken so that no damage would be induced in the samples
while preparing (cutting, mounting,and polishing) the specimens for photo-
micrographs. A sample photomicrograph is shown in Figure 2.
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V. F-SCANNING

A. Ultrasonic F-scanning, which stands for feature scanning, is an extension
of the traditional C-scan. In C=scan, the only feature considered is the am-
plitude of the ultrasonic signal, whereas in F-scan, any number of features
can be considered. In the F-scan data acquisition system, the entire ultra-
sonic signal is digitized and stored on a magnetic disk by a computer. This
data file can be recalled at any time for feature extraction and analysis.

B. The critical point in F-scan analysis is feature extraction. Since the
raw signal has been stored, any time domain feature can be examined, such as
peak amplitude (like C-scan) root mean squared (RMS) value, rise time of the
signal, pulse duration, etc. The frequency spectrum of the raw signal can be
acquired by utilizing a Fast Fourier Transform (FFT) routine. This (-»hles
the analysis of many frequency domain features such as peak frequency, 6 db
bandwidth, attenuation in certain bands, frequency shift, etc. Other features
of a more statistical nature can be selected such as skewness, moments of in-
ertia, etc. Also the signals can be transformed into other domains such as
the cepstral domain. The analysis was limited to just time and frequency do-
main features since their physical properties are easier understood and are
more field applicable. Ten features were selected for this study. The first
five features are time domain features. The ratio of amplitudes i{s often a
more accurate feature since the effects of surface condition are cancelled
out. No time domain features other than features 1 through 5 (such as rise
time, fall time, or pulse duration) were examined since it was difficult to
localize individual defect echoes because of the thinness of the composite and
the high noise level associated with it. The remaining 5 features deal with
frequency domain. Whenever working in the frequency domain, the power spec-
trum has been normalized so that the area equals one. Therefore,any area meas-
urements of frequency content between two frequencies always corresponds to
the percent of the area of the spectrum.

B te o




NAEC-92-159

FEATURE

DISCUSSION

1.

2.

3.

4,

5.

6.

7.

Peak amplitude of RF
signal

Root mean squared (RMS)
value of the ultrasonic
pulse

The ratio of feature 1
to feature 2

Peak amplitude of back-
wall echo

Peak-to-peak ratio be-
tween the first echo
(feature 1) and the
2ackwa11 echo (feature

The percentage frequency
content from a low fre-
quency value to the nom-
inal mid-frequency value
of the transducer

Percentage of frequency

content from the nominal
mid-frequency value to a
high frequency value

This is the basic C-scan feature

Since the signal was digitized, each point is
considered with the following equation:

n
RMS = L £ x;2
N i=1

where n = number of samples (512) and x is the
number of quantum levels.

None

None

None

Features 6 and 7 deal with area measurement.

In explaining feature 6, for example, the F-
scanning was done with a 10,0 MHz transducer,
the percent frequency content would be measured
from 2 MHz to 10 MHz. The low value of 2 MHz
was chosen to eliminate any low frequency noise
that might enter in.

Feature 7: Again, for 10 MHz probe, the area
would be taken from the mid-frequency of 10 MHz
to an upper frequency of 18 MHz so that the
high frequency noise was not considered. These
two features (6,7) were used to detect spectral
shifts. The frequency spectrum for all trans-
ducers used were gsymmetric with respect to the
center frequency of the ultrasonic pulse, which
was then from a flat smooth reflector as refer-
ence. Attenuation of higher frequencies would

result in a decrease in feature value for fea-
ture 6 and increase in value for feature 7.
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FEATURE DISCUSSION

8. Ratio of feature 6 to |[This feature shows the frequency shift. As the

feature 7 frequency shift increases, so does the feature
value. The frequency spectrum was also broken
into 1 MHz bands and examined. The feature
values showed similar classifying characteris-
tics as features 6, 7, and 8 and were not

pursued.

9. Peak frequency of the This feature also can be used to detect changes
ultrasonic pulse in the spectrum.

10, Similarity coefficient |[This feature is called a similarity measure
between a reference which compares the spectrum of the reference
signal and the ultra- pulse to the spectrum of signal from the com-
sonic signal posite. This technique is also referred to as

matched filterinf. The following formula was
employed where Fl is the reference spectrum and
F2 is the spectrum from the composite:

S = 7 (rig) x (F2y)
1 =1 (F1)2 + (F2,)? - (F1,) x (F2)

For this, a perfect similarity is a 1 and no
gimilarity is a O.

C. Now that features have been extracted, the analysis of these features must
begin. An example of the procedure is described next.

l. The specimen was scanned as described in the procedure section with a
3-by-20 matrix of data points. The ratio of the area below mid-frequency to
the area above the mid~frequency, feature 8, is analyzed. A 2.25-MHz trans-
ducer was used. A photomicrograph showed that the lower part of the composite
has severe defects, the rest of the specimen is relatively good.

2. In the first part of the analysis, the raw feature values are examined
to see if there is any correlation between these and the photomicrograph.
Figure 3 shows the raw data. Notice that the last four rows have feature
values around 0.7 or more and the good area feature values are around 0.6 or
less.

11
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3. 1In the next part of the analysis, a histogram of the data is plotted
to help better define the threshold used in classifying defects. In the his-
togram, also shown in Figure 3, the data is fairly uniformly distributed with
a majority of the feature values falling between 0.54 and 0.62. In the final
step, a threshold is selected and an F-map {s drawn showing the bad areas in
white and the good areas in black. In Figure 3, an F-map is drawn with a
threshold of 0.62. This threshold definitely picks out the bad areas; how-
ever, some areas considered good by the micrograph were also designated bad in
an F-map.

4. Looking at the raw feature values again, the points missed are very
close to the threshold and probably are marginal areas that could be con~
sidered good but should be frequently re-examined. The question of how seasi-
tive the threshold should be i3 always a problem. One must consider the
criticality of the defect. This is a criterion that must be determined by
evaluating flaw type, flaw size, expected life, specimen loading, fatigue
history, and other engineering factors. When this is determined, a proper
threshold can be selected.

5. A technique called spacial integration is used to help increase accu-
racy in the defect location process. This technique follows the same philos-
ophy as the signal averaging to help eliminate signal noise in that it con~
siders the neighboring points when calculating the feature value. Two tech-
niques that can be employed are described next. The first integration method,
called the square method,uses the equation

1 n
2 IS f(x,y) dxdy =L wy £ (xy3¥y)
4h 4 i=1

where the weights wy are given by

.(h,h) (xi. yi) wi
’ (0, 0) 4/9
— ) ——
I l | (th, th) 1/36
o—0———-p (+h, 0) 1/9
(0, +h) 1/9

[N
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This technique gives the most weight to the center feature (£(0, 0)) and de-
creasing importance as you get farther away. The total sum of the weights add
up to one. The second technique, called the Laplacian, takes the gradient of
the feature space using the equation

2 ¢ - (3%, 3%
0,0 a2 3y2) 0, 0

1 2
= _= - + h
n2 M1 0% Y, 178, 0% Y, -1 T 4, o) T OMD

diagrammatically

®(0,h)

'(0,0) 4

®
This technique can be extended to more feature points on the x and y axes.
These techniques cannot be done on the endpoints; therefore, only the middle
point can be calculated. For the 20 x 3 data matrix used in this examination,
the data was reduced to an 18 x I matrix for data points 2 through 19. This
data reduction helps with the picking of thresholds and evaluation of the data.

V1. RESULTS

A. GENERAL. The results are broken into three sections. The first section
is on transducer selection, the second is on F-scan system accuracy, and the
third 1s the results of the F~-scanning on defect location in the composite
patch. These results are described next.

B. TRANSDUCER SELECTION. In our evaluation, the lower frequency transducer
gave the best results. This is mainly due to the better penetration capabil-
ities of the low frequencies (see ultrasonic background section). Figure &
shows ultrasonic waveforms from the same section of the patch for a 2.25-, 5-,
and 10-MHz transducer. The time in the composite from the front to the back
of the composite is 3.1 usec, which 1s designated on the waveform. On the
signals acquired with the 2.25-MHz probe, a backwall echo can be seen, whereas
with the 5-MHz and 10-MHz probes very little signal can be detected after the
front wall echo. A defect cannot be detected if the sound does not penetrate
at least to the defect. Therefore a 2.25-MHz transducer works better for
finding defects with all features attempted. The only disadvantage in using a
low-frequency transducer is the low axial resolution of the transducer. How-
ever, we were trying to find damage in the patch, not which ply it occurred
at. 1If the position is critical, only defective areas would have to be re-
evaluated.
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C. F-SCAN SYSTEM ACCURACY

1. In an attempt to determine system accuracy and precision, a sample of
graphite epoxy (thickness = 0.05 inch) with an artificial edge slit of about
0.06 inch was scanned in the early stage of the project. The fact that the
movement of the scanning arm was controllable in the x-y directions with a
minicomputer, enabled us to scan the slit at different increments (0.05 to
0.03 inch).

2. The results are shown in Figure 5 for different features using the
spacial integration technique. Each block in Figure 5 is 0.03 inch, thus the
expected number of blocks for a slit of 0,06 inch would be two in the » (ver-
tical) direction which the F-scans in the figures show. These results are the
evidence of the F-scanning system's sharpness in predicting the slit location.
However, the results without spacial integration showed a slit of double width
(0.12 inch) which means some improvements could be made to the system. A
better focusing has to be developed to further ensure the sharpness of the
system. Use of small probes results in a better resolution which in turn af-
fects the results directly. As has been the case in the past, averaging tech-
niques could further improve the system, too.

D. F~SCANNING OF PATCH

l¢ A large amount of the work effort was centered in the evaluation of
features in their defect location capabilities. As can be expected, some fea-
tures did perform better than others. Of the featues described in the F-scan
section, features 5 through 8 performed better than the others. The first
four features (1 through 4), which were time domain features, did not work as
well since they are highly dependent ou the surface condition of the composite.
Feature 9, peak frequency, was somewhat successful but not as successful as
the frequency shift (feature numbers 6, 7, and 8). Feature 10, similarity co-
efficient, was not successful mainly because there were very few defect-free
areas to which this measure 18 overly sensitive.

2, 1In the analysis, the patch was scanned, cut, and photomicrographed as
previously described. The photomicrographs were examined to determine good and
bad areas. This classification was based on the void content, the bad having
significant void content in comparison to the good areas which still had some
vold content. Figure 6 shows three photomicrographs of specimen A. The first
photomicrographs shows severe void content and would be classified as a bad
area of the specimen. The second picture shows smaller voids; however, this 1is
still considered a bad area because of the multiple voids. The third is from a
good area; note that there is still some small void content. There were no
areas that could be considered defect free; so "good"” is just a relative meas-
urement. In the analysis process, first the optimum thresholds of the F-scan
were selected by comparing the F-scan and micrographs, and moving the threshold
up or down until the F-scan and micrograph corresponded identically or as
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closely as possible. This threshold was then applied to the other specimens
and an F-scan was generated. This F-scan was compared to the micrograph,

and sensitivity and specificity measures were calculated. The sensitivity is
the percentage of the bad areas correctly found and the specificity is the
percentage of the good areas correctly found. 1In our analysis, the thresholds
were adjusted so that the bad areas were more reliably found, thus increasing
the sensitivity. However, this threshold would designate some good areas bad,
thus decreasing the specificity. This adjustment of the threshold depends on
the gurface, loading, fatigue, etc., of the specimen.

3. Three samples were scanned, cut, and micrographed. The good and bad
areas were defined as shown in Figure 7. The four best features are evaluated
using the following procedure. First the optimum threshold is selected using
specimen A. The sensitivity and specificity are determined using specimens B
and C, and are shown in Table l. These indexes of performances are summarized
in Table 2. The evaluation of each of the features follows.

a. Feature 5: Peak-to-Peak Ratio

(1) This feature is the ratio of the peak amplitude of the first
signal to the peak amplitude of the backwall echo. The size of the backwall
echo 1s a measure of the sound energy that has passed through the entire com-
posite. If there i1is a large void, the sound energy would return earlier in
time. Also, the attenuation was more severe with the bad composite, thus
making the backwall echo smaller. The first peak signal is used to help com-
pensate for surface conditions. If the surface 1is rough at a particular
place, the sound energy will be scattered, thus less energy will get to the
backwall. However, the first reflection will also be smaller, so dividing the
backwall echo by the first echo gives a more accurate value measure of the
quality of the composite.

(2) Figure 8 shows the feature values and F-scans for composite
specimen A for both the point-by-point analysis and for spacial averaging.
This specimen was used to set the threshold which was defined as 0.093., Areas
above that threshold were considered good since this corresponds to higher
backwall echoes and below this value were considered bad. This threshold was
evaluated on specimens B and C. The results are displayed in Figures 9 and
10. The overall sensitivity is 58/96 (60X) and specificity is 64/84 (76ZX) for
this feature. The individual and overall results are shown in Tables 1 and 2.

b. Features 6, 7, and 8: Frequency Shift

(1) These three features are used to detect shifts in the fre-
quency spectrum. Feature 6 is the percentage of frequency content below the
mid-frequency of the transducer (2.25 MHz). Feature 7 is the percentage of
frequency content above the mid-frequency of the transducer. Feature 8 is
the ratio of Feature 6 to Feature 7. The basic physical principle of this
feature is as the ultrasonic beam passes through the composite, the higher
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frequencies will be attenuated faster. If the sound beam encounters a large
interface such as an air-filled void, the ultrasonic wave will travel through
less composite and be sharply reflected, thus causing less high-frequency at-
tenuation. Therefore a shift in the frequency spectrum towards lower frequen-
cles signifies a good composite. This corresponds to sn increase in frequency
content below the mid-frequency (Feature 6), a decrease in frequency content
above the mid-frequency (Feature 7), and an increase in the ratio (Feature 8).
As before, the threshold was set with specimen A and tested with specimens B .
and C. The threshold was 0.32 for Feature 6, 0.50 for Feature 7, and 0.59 for
Feature 8. The feature values add F-scans for these features and specimens
are shown in Figures 1l through 19. The corresponding sensitivity and speci-
ficity are shown in Table 1.

(2) The overall sensitivity was 78.62 (302/284) with a specificity
of 82% (276/336). With the spacial integration techniques, the sensitivity
improved to 85.8% (103/120) with a specificity of 89.6% (86/96). These re~
sults are summarized in Table 2. These are fairly good results; however, it
must be remembered that this is a fairly limited study. Only one patch was
examined; therefore, changes from patch to patch cannot be studied.

VII. CONCLUDING REMARKS AND RECOMMENDATIONS

A. A new ultrasonic tool, called F-scan, has been developed to locate defects
in composite materials. F-gcan is an extension of C=-scan in which many fea-
tures are examined, not just amplitude. This tool demonstrated excellent po-
tential in the inspection of composite patches, where normal C-scan methods
proved unsuccessful. Here, four features were successfully used to locate de-
fects in the patch with 85X accuracy. This was a very limited study where
only certain sections of one composite patch were examined. Therefore, no
universal testing procedures were developed, only general guidelines for fu-
ture work were established.

B. In the development of a new ingpection procedure, it is critical to have a
good selection of specimens for analysis. It is absolutely necessary to co-
operate with the manufacturer so good representative defects can be obtained.
Also the final user must help define the criteria for defect criticality.

This is the only way a complete F-scan system can be ascertained.

C. Tools are now available to assist us in the solution of many specific .
problems in composite materials and composite repair.

16
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TABLE 2 - OVERALL INDEXES OF PERFORMANCE
(All Features Combined)

Sensitivity

Specificity

Overall

Individual

Point Data

302 . 78.6%
384

[+

276 = 82%
336
2

578 a 80.2%
720

Spacial
Integration
Data

103 . g85.8%
120

86 . 89.6%
96

189 . 87.5%
216

NAEC-92-159

NSV




NAEC=92~159
| 0SCILLOSCOPE
ULTRASONIC (A/D) CONVERTER  [e——m
PULSER/RECEIVER
g —
P MINICOMPUTER
d
i‘ l
SCANNER
1  CONTROL
TERMINAL

] X-Y SCANNER

TRANSDUCER

TEST
SPECIMEN

{ eag— l

SCANNING TANK

Figure 1. Block Diagram of the Data Acquisition System
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Figure 2.

Sample Photomicrographs
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Figure 5.

Result of F-scanning a Slit
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Figure 7. Schematic of Good and Bad Areas of Sample Specimens
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